A new study shows that nocturnal courtship vocalization is regulated by a circadian rhythm and potentiated by melatonin at multiple timescales. These findings are in contrast to those in diurnal vocalizers and provide a striking example of melatonin's niche-specific functions.
Temporal patterns shape social behavior at many levels. Time parameters define the rate, frequency, and amplitude signatures of social displays, indicate species, sex, and reproductive state, and mark meaningful individual variation among signalers. Social behavior also varies on both daily and seasonal timescales. Areas throughout the brain control these different temporal functions and depend on external cues, especially photoperiod, to adjust and synchronize these biological rhythms. To do this, information about the prevailing light cycle is converted into an endocrine signal in the form of melatonin by the pineal gland, a small gland in the diencephalon of the brain. In mammals the pineal receives light information indirectly from the eyes via the suprachiasmatic nucleus (SCN), but in most nonmammals photoreceptors are present in the pineal itself and/or a light-sensitive parapineal organ on the head above the pineal gland (e.g., the parietal eye of tuatara and lizards) [1] . These results indicate that melatonin potentiates vocal behavior in this nocturnal fish, in contrast to the reported inhibitory effects of both constant light and melatonin on vocal behavior in diurnally singing birds [4] . Thus, melatonin conserves its circadian rhythm across taxa, conserves its role in modulating vocal behavior, but switches the sign of its effect, stimulating it in a nocturnal vocalizer while suppressing it in a diurnal singer.
Melatonin is an ancient hormone found in an incredibly diverse group of organisms, including bacteria, algae, fungi, plants, invertebrates, and vertebrates [5] . Differences in the function of melatonin across species, populations, and spatial and temporal niches have long been hypothesized. One of the best-studied examples of melatonin's species-specific effects comes from studies of the mechanisms governing seasonal reproduction in long-day and short-day breeders [6] . Long-day, spring-breeding mammals such as Syrian and Siberian hamsters respond to increasing day length with an activation of the hypothalamus-pituitary-gonad axis. As the duration of elevated melatonin synthesis decreases with shorter nights, the gonads recrudesce, sex steroid hormone concentrations increase, and behaviors appropriate to reproduction are initiated. Decades of research has demonstrated that these long-day changes in reproductive physiology and behavior are regulated directly by photoperiod-induced changes in melatonin rhythms [6] . In contrast, short-day, fall-breeding mammals such as ewes undergo activation of the reproductive axis under opposite conditions: reproductive condition is induced by the increasing, rather than decreasing, duration of elevated melatonin levels as days get shorter and nights longer. As is the case for circadian rhythms, the seasonal pattern of melatonin rhythms is conserved, but animals with different temporal breeding patterns utilize the melatonin signal differently. Other melatonin functions [6, 15] ; melatonin receptors are absent in this area in birds and seasonal reproduction in some nonmammals may be melatonin independent. Circadian modulation occurs through melatonin receptors in the suprachiasmatic nucleus (SCN), modifying clock gene expression and electrophysiological activity of SCN neurons [14] ; this is common across vertebrates. Melatonin receptors in multiple brain areas defining nodes of the social behavior and vocal-acoustic control circuitry may influence the temporal parameters of social signals in birds [12] , fish [3] , and possibly amphibians [13] by modifying neural excitability; whether this occurs in mammals is unknown. Still unresolved is where melatonin acts to influence other physiological and behavioral processes, and how its actions vary across species with different temporal or spatial niches.
may also vary with a species' spatial and temporal niche, including sexual maturation [7, 8] , aggression [9] , immune function [8] , and body temperature regulation [10] . Feng and Bass have now extended the phenomenon to social communication.
The ability of melatonin to affect a variety of temporal processes raises interesting mechanistic questions, the most basic of which is where it exerts its effects. Melatonin acts via high affinity, membrane-bound G protein-coupled receptors widely distributed across the brain and peripheral tissues. Melatonin receptors 1a and 1b (also known as MT1 and MT2) are found in all vertebrate groups [11] . At the broadest level, differences in the melatonin receptor subtypes being activated in different brain regions are likely central to melatonin's varied effects. Indeed, Feng and Bass found that melatonin receptor 1b mRNA is highly expressed in evolutionarily conserved neuroendocrine and acousticvocal integration areas important for communication across vertebrates. They suggest that melatonin influences vocal behavior directly through its interaction with receptors there. Melatonin receptors are also found in the song centers of diurnal birds [12] and in vocal and social behavior regions of nocturnal, seasonally breeding green treefrogs (Hyla cinerea) [13] . With melatonin acting in these regions, independently of its actions in the master circadian clock [14] , putative calendar areas [15] , or any of the other locations where melatonin receptors can be found (Figure 1 ), Feng and Bass argue that different temporal processes can be independently regulated and therefore vary independently across species, all, however, using the common tool of cycling melatonin as their timing cue.
Feng and Bass also corroborated previous studies in birds [16] showing that melatonin operates on much shorter timescales. As in diurnal birds, melatonin treatment increased the duration of single calls in nocturnal midshipmen, despite the fact that melatonin has opposite circadian effects on vocalization in these species. In previous work using an isolated brain preparation, Feng and Bass [17] found that melatonin increased the excitability of neurons in the vocal motor network. This threshold decrease can easily be seen as contributing to both the nocturnal elevation of vocalization and the increase in hum duration that occurs whenever melatonin is elevated. Indeed, melatonin receptor 1b regulates potassium channel currents in the cerebellum [18] . Melatonin influences the electrical activity of SCN neurons through this mechanism, although there and in Xenopus oocyte models melatonin reduces excitability [19] rather than enhances it. However, melatonin levels positively correlate with both GABA and glutamate signaling in the striatum [20] , indicating that melatonin influences both inhibitory and excitatory local signaling. Rather than working by regulating clock gene expression as in the SCN, melatonin receptors may instead mediate both the nocturnal stimulation of calling and the lengthening of individual calls via direct regulation of neural excitability in vocal-motor circuits through their effects on membrane channels or neurotransmitter levels there. If all of this is correct, melatonin remains a conserved regulator of biological time, with homologous G protein-coupled receptors mediating its actions, but by triggering very different mechanisms once those receptors are activated.
The paper by Feng and Bass shows that melatonin is a regulator of temporal events at multiple levels and influences the brain at many locations, impacting the expression of social behavior. It also underscores the importance of considering phylogeographic differences in natural history when exploring relationships between hormones and behavior, even a hormone as conserved as melatonin. Despite melatonin's universal use as a timing signal, the invariant temporal cycles of its synthesis and release, and the similar spatial distribution of its receptors across the brain, melatonin still diverges in the details of its actions across species with different spatial and temporal niches. Exploring this diversity is critical to understanding how melatonin coordinates changes in physiology and behavior across space and time and how natural and sexual selection act on the timekeeping systems we all share.
